The effect of hot-pressing temperature on the densification behavior and mechanical properties of titanium diboride (TiB 2 ) was investigated. TiB 2 specimens were hot-pressed for 1 h at temperatures in the range of 1500°-1800°C, with an addition of 2.5 wt% of silicon nitride (Si 3 N 4 ) as a sintering aid. The density increased markedly at temperatures in the range of 1500°-1600°C and remained constant thereafter. The formation of a eutectic liquid at 1550°C was attributed to the steep increase in density. The hot-pressing temperature also improved the mechanical properties, such as the flexural strength, Vickers hardness, and fracture toughness of the specimens. Similar to the density, the mechanical properties improved remarkably at ϳ1550°C, so that optimum properties were obtainable at temperatures as low as 1600°C.
I. Introduction
T ITANIUM DIBORIDE (TiB 2 ) has great potential for use in areas such as cutting tools, armor materials, and cathode materials for aluminum-refining Hall-Heroult cells. [1] [2] [3] This potential is due to its high hardness, elastic modulus, electrical conductivity, and corrosion resistance to molten metals. However, TiB 2 has relatively low mechanical properties, as a result of its extremely low sinterability; these poor mechanical properties are one of the major obstacles that block TiB 2 from wider applications.
The addition of transition metals such as iron, nickel, and cobalt improves the sinterability of TiB 2 through a liquid-phase-sintering process. 4 -7 However, the presence of these metallic phases at the grain boundaries generally deteriorates the unique properties of hard ceramic materials. The addition of carbon, silicon carbide (SiC), or silicon nitride (Si 3 N 4 ) also is effective in improving the densification behavior of TiB 2 . 8 -10 The primary role of these additives is the removal of the oxide layer (titania, TiO 2 ) that exists on the surface of the TiB 2 starting material. The sinterability and the mechanical properties improved remarkably when SiC or Si 3 N 4 was added.
Previously, we investigated the effect of the Si 3 N 4 content on the densification and mechanical properties of TiB 2 . When a low concentration (2.5 wt%) of Si 3 N 4 was added, the flexural strength increased by more than a factor of 2, in comparison to that of pure TiB 2 that was processed under similar conditions. However, the mechanical properties did not improve with further Si 3 N 4 addition, which was apparently because of the excessive formation of secondary phases at the grain boundaries. 10 In those experiments, all the specimens were hot-pressed at a temperature of 1800°C with an applied load of 30 MPa. As a continuing effort to develop TiB 2 with economical merits, the effects of the hot-pressing temperature on the densification behavior and the mechanical properties of the specimen were investigated. Specimens were hot-pressed at temperatures in the range of 1500°-1800°C for 1 h with an addition of 2.5 wt% Si 3 N 4 as a sintering aid. Mechanical properties such as flexural strength, fracture toughness, and hardness were measured and correlated to the densification behavior and microstructural evolution.
II. Experimental Procedure
Commercially available TiB 2 powder (grade F, H. C. Starck Co., Berlin, Germany) was used as a starting material. The powder had an average particle size of 0.9 m, and its major impurities were iron (0.25 wt%) and oxygen (1.88 wt%). A small quantity (2.5 wt%) of highly pure ␣-Si 3 N 4 powder (SN E-10, Ube Industries, Tokyo, Japan) was added as a sintering aid. The powders subsequently were mixed using a wet-ball-milling method for 10 h in a polyethylene bottle with Si 3 N 4 balls and acetone as media. Then, the resulting slurry was dried in a rotary evaporator and screened through a 60 mesh screen. The powder mixtures were hot-pressed in a flowing argon atmosphere at temperatures in the range of 1500°-1800°C for 1 h with an applied pressure of 30 MPa.
After the polished surface was etched with a dilute solution of hydrochloric and nitric acids (HCl-HNO 3 ), the microstructure of the hot-pressed specimens was observed via scanning electron microscopy (SEM) (Model JSM-5310, JEOL, Tokyo, Japan). The composition of the specimens was identified using X-ray diffractometry (XRD) (Model M18XHF, Mac Science, Yokohama, Japan). Specimens for mechanical testing were cut from the hot-pressed disks and machined to a bar shape with dimensions of 3 mm ϫ 4 mm ϫ 25 mm. All the specimens were ground with a diamond wheel and polished with diamond slurries down to 1 m. The edges of all the specimens were chamfered, to minimize the effect of stress concentration due to machining flaws. The sample strength was measured with a four-point bending configuration with a crosshead speed of 0.5 mm/min and inner and outer spans of 10 and 20 mm, respectively. The fracture toughness was measured via the indentation-strength method with an applied load of 196 N for 15 s. 11 The strength of the indented specimen was measured with the above-mentioned four-point bending configuration. The Vickers hardness was measured with a load of 0.98 N for 15 s. A minimum number of five specimens was tested for each experimental condition. 
III. Results and Discussion
The sinterability of TiB 2 was influenced strongly by the hot-pressing temperature. SEM micrographs of polished cross sections of specimens that have been hot-pressed with 2.5 wt% of Si 3 N 4 as a sintering aid at temperatures of 1500°and 1600°C for 1 h are shown in Figs. 1(A) and (B) , respectively. When hotpressed at 1500°C, the specimen was not completely densified, as clearly illustrated by the high degree of porosity. However, when the hot-pressing temperature was increased to 1600°C, the degree of porosity was reduced greatly (see Fig. 1(B) ). The microstructure did not change significantly at higher hot-pressing temperatures.
These SEM micrographs of the polished cross sections were used to estimate the density and the average grain size of the specimens, using the line-interception method (see Fig. 2 ). Figure  2 shows that the density increased markedly at temperatures in the range of 1500°-1600°C and remained constant thereafter. The sharp increase in density in this temperature range is believed to be related to the formation of silica (SiO 2 ) during hot pressing. A thin TiO 2 layer is well-known to be present on the surface of TiB 2 powder, and this TiO 2 layer has an adverse effect on densification. 4, 8 The addition of Si 3 N 4 was beneficial in improving the sinterability of TiB 2 by eliminating the oxide layer. At elevated temperatures, the Si 3 N 4 reacted with TiO 2 to form titanium nitride (TiN) and SiO 2 at the grain boundary. The dark phase at the grain boundaries shown in Fig. 1(B) has been identified as amorphous SiO 2 .
10 According to the SiO 2 -TiO 2 phase diagram, eutectic melting occurs at a temperature of 1550°C. 12 Therefore, the sharp increase in density is deemed to be a direct result of the formation of an eutectic liquid at this temperature. Unlike the density, the average grain size increased steadily as the temperature increased. This result is in contrast to the case of transition-metal additions, where extensive grain growth occurs with densification. 4, 5 This microstructural evolution suggests that, to densify TiB 2 at low temperatures, the elimination of the oxide layer is necessary and the formation of a liquid phase during sintering is crucial.
These variations in density and microstructure have significant influence on the mechanical properties of the specimen. The flexural strength, hardness, and fracture toughness of the specimens, as a function of the hot-pressing temperature, are shown in Fig. 3 . The strength increased sharply as the temperature increased up to 1600°C, clearly because of the increase in density. However, at higher hot-pressing temperatures, the strength remained constant or decreased slightly. Similar trends were observed for the specimen hardness. However, the fracture toughness of the specimen that was hot-pressed at 1550°C was higher than that of any other specimens. Residual pores present in the specimen are deemed to be one of the causes for this phenomenon. 10 These results illustrate that TiB 2 with good mechanical properties can be densified at temperatures as low as 1600°C with the addition of a small amount of Si 3 N 4 as a sintering aid.
IV. Conclusions
The sinterability of TiB 2 that contained 2.5 wt% Si 3 N 4 as a sintering aid was influenced strongly by the hot-pressing temperature. The sinterability was enhanced remarkably at temperatures in the range of 1500°-1600°C. This enhancement was attributable to the formation of a eutectic liquid between TiO 2 and SiO 2 . Good mechanical properties (flexural strength, Vickers hardness, and fracture toughness) of the TiB 2 samples were obtained at temperature as low as 1600°C by hot pressing for 1 h with 2.5 wt% of Si 3 N 4 as a sintering aid.
